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Investigation of Cg/NMP and Cgo/NMP/xylene solutions
by absorption spectroscopy and dynamic light scattering
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Metomgamu Y ®-BUANMON CIIEKTPOCKONIMU U AWMHAMIYecKoro paccesHus csera ([PC) n3ydeno
MOBE/ICHHE MEXMOJICKYJISIPHBIX B3aMMOJICUCTBHUI B CBEKMX U COCTApPEHHBIX pacTBopax (yJ-
nepera Cg B umctoM N-metwi-2-nupponumone (NMII), a taxke B CMEMIaHHBIX PacTBO-
putensix NMIT/kcumon. DKCIEPUMEHTAILHO TMOKa3aHO, 4To crapeHue pactBopa Cgo/NMII
NPUBOAUT K HMCYE3HOBEHHMIO XaPaKTEPHOI0 MaKCUMyMa MOJIEKYJIIPHOTO IIOTJIOLIEHHMS IIPH
~330 HM CO CriIa)KMBAaHUEM H K YBETHYECHUIO HHTEHCUBHOCTH ONTHYECKOTO morjomeHus. 11o-
ClIeZIHUE 3aBHCAT OT oOpa3oBaHusi KoMIuiekcoB Cg-NMII, a Tarke OT mepexoaa MOJEKyI
(GysinepeHOB B HAaHOKJIACTEPHOE COCTOSHME. YBEJIMYEHHE COJep)KaHHs Kcuioja B
Coo/NMII/kcunon npuBOAUT K 3HAYUTEIbHBIM M3MEHEHHUSIM IIepeHoca 3apsijia MEXIy pacTBO-
pennbM BemecTBoM u pactBoputesieM (Cgqo-NMII, Cgp-Ce) pu puKCHpOBaHHON KOHIIEHTpa-
uun Qymiepena. [locnenHee MPUBOIUT K peOpraHU3alUN HAHOYACTHII, KOTOPast MPOTEKAeT C
pa3pylieHueM MOJEKYISPHBIX KoMIutekcoB. [Ipu atom meromgom JIPC ycTaHOBIIEHO, YTO T€0-
METPUYECKHE pa3Mephl CHHTE3NPOBAHHBIX HAHOKIACTEPOB Cgy YMEHBIIIAIOTCSL.

Kiwuebie cioBa: ¢ymiepen Cgy, OMHAPHBINA PacTBOpP, CONBBATAIMS, arperaius, HaHOKJIACTep, K-
TPOHHBIE CHEKTPHI MOTJIOMICHNUS, THIPOAUHAMUYECKUN UaMeTp.

The behavior of intermolecular interactions in fresh and aged solutions of fullerene Cg in neat
N-methyl-2-pyrrolidone (NMP), as well as in NMP/xylene mixed solvents, were studied by the
methods of ultraviolet-visible spectroscopy and dynamic light scattering (DLS). It has been
experimentally shown that the aging of the Cs/NMP solution leads to the disappearance of the
characteristic maximum of molecular absorption at ~330 nm with smoothing, as well as to an
increase in the optical absorption intensity. The latter depend on the formation of “Cgo-
NMP”complexes, as well as on the transition of fullerene molecules to the nanocluster state.
Increasing the xylene content in the C¢/NMP leads to significant changes in charge transfer
between solute and solvent (“Cg-NMP”, “Cg(-Cg”) at a fixed concentration of fullerene. The
latter leads to the reorganization of nanoparticles, which proceeds with the destruction of mo-
lecular complexes. In this case, using the DLS method, it was found that the geometric dimen-
sions of the synthesized C4y nanoclusters decrease.

Keywords: fullerene Cg, binary solution, solvation, aggregation, nanocluster, electronic absorption spec-
tra, hydrodynamic diameter.
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I. Introduction In recent years, interactions of fullerene mole-
cules (Cgo, C70) with various single and multicompo-
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nent solvents have been actively studied [1-2]. One
of the features of fullerenes is their ability to form
compounds (complexes) of the donor-acceptor type
when dissolved in various organic and inorganic sol-
vents [3-4]. On the other hand, scientific studies car-
ried out by various groups show the unusual behavior
of fullerenes in such solutions, associated with the
formation of clusters of fullerene molecules [5-7]. Due
to the widespread use in scientific laboratories of the
world of unique transmission electron microscopes
with a fully automated robot for vitrification for ultra-
fast freezing (more than 10° C/sec) of solutions, expe-
rimental methods of X-ray diffraction analysis, mass
spectrometry and dynamic light scattering, interest in
research has revived the previously unexplored physi-
cal-chemical properties of fullerenes in various sol-
vents [8-12]. The results of these studies turned out to
be useful for the synthesis of more complex nanosized
crystalline and porous (fractal) materials of a new gen-
eration with new physical-chemical properties [13-15].
At the same time, the specific limiting conditions for
the complexation of fullerene and solvent molecules,
as well as for the clustering of fullerene molecules
upon dissolution in solutions, remain poorly unders-
tood.

The aim of this work is to study the patterns of in-
termolecular interaction in solutions of Cg, fullerene in
N-methyl-2-pyrrolidone (NMP) with the addition of a
low-polarity solvent (xylene) by optical spectroscopy
and dynamic light scattering (DLS).

II. Materials and methods

Ceo fullerene (>99.8% purity) was added to N-
methyl-2-pyrrolidone (CsHyNO) and mixed intensive-
ly using a programmable laboratory magnetic stirrer
«MS-11 H» (WIGO, Poland) for thirty minutes until
solution become mauve. Solutions of C¢/NMP/xylene
with different volume fractions of xylene (CgHjo)
were obtained by adding xylene to a solution of
Ceo/NMP. All used reagents are received from the
supplier Sigma Aldrich (USA). The maximum solu-
bility of the crystalline Cg fullerene powder in xylene
~7.7 mg/ml and N-methyl-2-pyrrolidone (NMP) is
~0.89 mg/ml. The initial Cq concentration for the
Cso/NMP solutions was taken as ~0.2 mg/ml to avoid
the dissolution saturation effects that can occur when
mixing solutions with different maximum solubility.
During the experiments fullerene Cgy solutions were
stored in a dark chemical cabinet. All the experiments
described below were carried out at room temperature
(T~24+1°C).
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The electronic absorption spectra of studied solu-
tions were obtained with the Shimadzu UV-2700
spectrometer (Shimadzu, Japan) in a wavelength
range of 200-1000 nm. Quartz «K-10» cells with
1 cm path length were used.

The hydrodynamic sizes of nanoclusters mCe
(where m is the number of C4y molecules in a synthe-
sized nanocluster) were measured via dynamic light
scattering using a Zetasizer Nano ZEN3600 (Malvern
Instruments Ltd.) with a scattering angle of 173°. The
DLS instrument is equipped with a 5 mW He-Ne laser
operating at a wavelength of 633 nm.

II1. Experimental results and their discussion

We investigated the physical features of the
behavior of the optical absorption spectra of a Cg
solution in a nitrogen-containing solvent (NMP) with
the addition of a weakly polar solvent (xylene) to the
initial Cgy solution. Figure 1 shows the evolution of
the optical absorption spectra of a freshly prepared
Cso/NMP solution with the addition of xylene in vari-
ous proportions. The spectra are referred to one fulle-
rene concentration in solution (~0.2 mg/ml). At rela-
tively high concentrations of Cg/NMP solutions, a
solvate shell consisting of NMP molecules forms
around fullerene molecules. The formation of a solva-
tion shell around Cgy molecules with charge transfer
by an NMP molecule is confirmed by surface Raman
scattering [16].
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Figure 1. UV-V is spectra of a freshly prepared Cgo/NMP
solution when xylene is added in various volume propor-
tions. The inset shows dependence of optical density at a
wavelength of ~407 nm versus xylene volume fraction in

the mixture. The initial concentration of Cg, in the solution
of C¢o/NMP was ~0.2 mg/ml.
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It can be seen that the optical absorption spectra
of Cso/NMP change sharply with a change in the vo-
lume percent of xylene, namely, there is an increase
in the amplitude of the spectrum and a shift of the
characteristic peak A=330 nm to the long-wavelength
region of the spectrum (positive solvatochromic ef-
fect, up to ~6.14 nm). It should be noted that in this
case a batochromic shift of the characteristic absorp-
tion maximum occurs due to the proportional mixing
of the two solvent components (NMP and xylene)
with the Cg fullerene molecules. In the high volume
proportions of xylene (=85 vol.% of xylene), the cha-
racteristic absorption maximum at ~407 nm is also
restored in the spread spectrum of the Cso/NMP solu-
tion. This is due to the good solubility of Cg in xy-
lene, which means the loss of the solvate shell formed
at NMP. At this point, the absorption amplitude at
~407 nm suddenly increases up to 80 vol.% of xylene
and the coupling deviates from the linearity from
85 vol.% of xylene in solution (see inset to Fig. 1).

It can be noted that the initial optical absorption
spectrum of the Cg/NMP solution smoothes over
time, which confirms the optical spectrum obtained
during 36-hour storage of the solution (see Fig. 2,
Ceso/NMP spectrum).
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Figure 2. Evolution of the electron absorption spectra of
Cso/NMP solution after its 36-hours storage with the addi-
tion of xylene in various volume ratios. The inset shows
the dependence of the optical density at a wavelength of
~407 nm versus the contents of xylene in the Cg/NMP.
The initial concentration of Cgy in the solution was ~0.2
mg/ml.

The disappearance of the characteristic maxi-
mum at ~330 nm and an increase in the absorption in-
tensity during storage of the solution for 36 hours
may be associated with an increase in the processes

of solvation and self-organization of Cg molecules
during the aging of solutions, which ultimately lead
to the formation of nanosized clusters of fullerene
Ceo. Next, we investigated the effect of adding xylene
(up to 97 vol.%) to this aged solution (C¢/NMP) in
order to establish a critical concentration of xylene in
the solution to restore the characteristic absorption
maximum at ~330 nm. It was found in experiments
that with increase in the xylene content up to vol.
80% in the aged solution of C¢/NMP, a slow change
in the amplitude of the optical spectrum is observed.
In about 85 vol.% xylene in solution weak characte-
ristic absorption maxima begin to appear at ~332 nm
and ~406 nm. This means that the solvate shell
"CeotNMP" begins to disappear from this critical
fraction of xylene in Cg/NMP. A sharp increase in
the amplitude of the spectrum begins with ~90 vol.%
xylene (see inset to Fig. 2), and the restoration of cha-
racteristic peaks with a shift towards the correspond-
ing position of the maximum of the Cgo/xylene solu-
tion at ~97 vol.% added xylene in aged solution of
Coso/NMP (see Fig. 2). In this case, the addition of xy-
lene as a low-polarity component in the Cg/NMP
system promotes both the selective solvation of Cg
fullerene by solvent molecules (NMP) and the reor-
ganization of Cgy nanoclusters. The solvate shell be-
gins to break down only when the xylene content is
close to a pure Cgo/xylene solution.

Figure 3 shows experimental DLS results for an
aged Cgq/NMP solution (after 36 hours of storage)
compared after adding xylene at 85 vol.% in solution.
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Figure 3. Distribution by hydrodynamic diameters of Cg
nanoclusters in C4o/NMP solution after its 36-hours storage
(histogram 1) and after adding xylene at 85 vol.% to aged
Coo/NMP (histogram 2). The initial concentration of Cg in
solutions was ~0.2 mg/ml.
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The main fraction of light-scattering fullerene
nanoparticles in Cg/NMP solution is distributed in
the diameter range ~265+320 nm, and the maximum
distribution of Cg fullerene clusters is localized in the
region of ~290 nm (Fig. 3, histogram 1).

It can be noted that Cgy nanoclusters synthesized
in a 36 hours Cg/NMP solution contain a large num-
ber of NMP molecules in the form of complexes of
Cso and NMP molecules. The maximum value of the
hydrodynamic diameter of a light scattering fullerene
particle after adding xylene at 85 vol.% in Cgo/NMP
solution decreases and shifts by ~240 nm, and the
range of hydrodynamic sizes of Cg nanoclusters cor-
responds to ~210+250 nm (Fig. 3, histogram 2). The
addition of a weakly polar solvent (xylene) to a
Cso/NMP solution leads to the reorganization of na-
noparticles, which occurs with partial destruction of
complexes of C¢o and NMP molecules. It can be seen
that after the reorganization of Cg, nanoparticles in
this solution, the geometric dimensions of Cgy nanoc-
lusters decrease than in a C¢o/NMP solution.

The use in experiments of fresh and aged
Cso/NMP solutions, as well as after adding xylene to
them with varying the volume fraction in the range of
~5-97 vol.% made it possible to obtain valuable in-
formation about the intermolecular interactions "so-
lute-solvent" and "solute-solute" in solutions. The ob-
tained scientific results are important for the effective
use of fullerene solutions, especially in the fields of
nanotechnology, requiring controlled and selective
liquid disperses systems.

IV. Conclusion

The shape and characteristics of the optical ab-
sorption spectra of freshly prepared and aged solu-
tions of Cgy in NMP were determined. It has been es-
tablished that the disappearance of the maximum at
A=330 nm with smoothing and an increase in the in-
tensity of optical absorption with the aging of the
Cso/NMP solution may depend on the formation of
new complexes Cq-NMP, as well as on the transition
of fullerene from the molecular to the state of the
nanocluster.

The physical features of the behavior of the opti-
cal absorption spectra of freshly prepared and aged
Ceo solutions in NMP with the addition of xylene
were studied by optical spectroscopy. It has been es-
tablished that the observed changes (batochromic
shift of characteristic maxima, increase in intensity,
and smoothing) of the absorption spectra of C¢/NMP
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solutions by changing the solvent composition
strongly depend on the age of the solutions.

The addition of xylene to the aged Cg/NMP so-
lution leads to the reorganization of nanoparticles,
which proceed with the partial destruction of the Cg-
NMP complexes. Using the DLS method, it was
found that after the reorganization of nanoparticles in
solution, decreasing in the geometric dimensions of
the synthesized Cgy nanoclusters occur.
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Ceo/HMII Ba Cg/HMIl/KcHI0J IpUTMAJAPUHEA
OTWINII  CHEKTPOCKONMSICH Ba EPYFIIMKHUHT
JTUHAMHMK COYMJIMINHI YCYLIaAPUAA TAAKHK KHJIHLI

V.K. Maxmanos'?, A.M. Koxxapos', C.A. Baxpamos',
II.A. Dcanos', B.A. Aciaonos', 3. Bekmypononl,
K.H. MycprOHOBl, Y.B. Typz[aJmeB3

'V.A. Apudos Homuzarn MoH-11a3ma Ba 1a3ep TeXHONOTHAIAPH
uHCTHTYTH, Y3P®A, JI¥pMoH #ymu kyuacu 33, 100125, ToukenT,
V36exucron

2M1/1p30 Viyrbex HoMuarH Y36eKHCTOH MAIUTHI YHHBEPCHTETH,
Vuusepcuter kyuacu 4, 100174, Tomkent, Y36exucTon
*Hamanran maBmar yHuBepcutet, boOypmox xkydacu 161,
160107, Hamanras, V36ekucron

Ceo ymnepennunr cod H-mernn-2-nuponumon (HMII)
Jard SHTW Ba OCKM DPUTMAJapuAa, UIYHHHTJEK,
HMIT/kcumon apanaimMacuaara 3puTMaapuaru
MOJIEKyJaJlapapo y3apo TabCUPJAPHUHI XoJaTu Yb-
KYPUHAJUIaH CHEKTPOCKONHUS Ba EPYFIMKHUHI JHMHAMUK
counmummm  (EJIC) ycymmapuma Ypramunam. Ceo/HMIT
SPUTMACHUHUHT JCKUPUIIM ONTUK IOTHIUII CHEKTpUaa
~330 HM ra MOC KeITyBUH XapaKTepJIy MOJEKYJISIp IOTHIIUII
MaKCHUMYMHUHHHT CHJUTMKJIAHUO HYKOJIMIINTa, IIyHUHT/IEK,
ONTHK IOTWIMII WHTCHCUBIMIMHUHT OLIMIIMIA  OJINO
KEeJIMUIM 3KCIEpUMEHTaJl paBulla Kypcatwiad. by
yarapunurap «Cg-HMID» KOMITIEKCIapUHUHT IIAKIUIAHH-
mwra, OIyHHHTACK  QymiepeH  MoOIeKyJalapHHUHT
HAHOKJIACTEp  XOJlaTMra  YTUIM  OWiaH  OOFIIHK.
Coso/HMIT/kcuimon — TapkuOMgard KCHJION  MHKIOPHHHU
oummpuil (yJuiepeH KOHLUEHTPAUMACH JOUMHUEN OyiraHia
spuran mojma Ba ApuUTyBUH («Ceo-HMID»y, «Cg—Ceo»)
Yypracuna 3apsan aIMaIIMHUIINA ce3uNapiIu
y3rapunuiapra onub kenaad. by Xonmar spuTManmaru
MOJICKYJISIp KOMIUICKCIAPHUHT WYKOJHUIIK OMJIaH IaBOM
9TaJUraH HaHO3appayaJapHUHI KalTa TaIIKWI OyIumvra
omu6 kemamu. By xonma EJIC ycynmnma sputmana
cunresnanrad Cg) HaHOKJIacTepIap TeOMETPUK YirdaMmaapu
KaMaWUIIU aHUKJIaHIU.

Kamut cy3znap: Cq ¢ysnepen, OuHap SpuTMa, coyiBaTauus,
arperanysi, HaHOKJACTEp, 3JIEKTPOH IOTHJIMII  CIEKTpJIApH,
THAPOJMHAMHUK JTHAMETD.
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